Bloodstream trypanosomes evade the immune system of their mammalian host by sequentially expressing a large number of different variable surface glycoproteins (VSGs). In contrast, metacyclic trypaposomes, the final developmental stage in the tsetse fly, express a much more restricted set of VSGs. These metacyclic VSGs are the first to be exposed to the immune system of the mammalian host after infection and may offer the potential for the eventual development of a vaccine. (8, 9) . At 5 days the organisms have multiplied so that a sufficient number expressing metacyclic VSGs can be obtained for biochemical study. Between day 5 and day 7 of infection, the parasites switch from the expression of MVATs to early bloodstream VATs.
cDNA libraries prepared from amplified metacyclic populations of Trypanosoma brucei rhodesiense and show that they correspond to two different metacyclic serotypes. Determination of the cDNA sequences shows that metacyclic VSG mRNAs are similar to VSG mRNAs expressed during the bloodstream stage. Southern blots demonstrate that the metacyclic VSG genes are located near chromosomal telomeres. No evidence of gene rearrangement associated with expression of these VSGs was found.
Trypanosoma brucei rhodesiense, like other salivarian trypanosomes, has a surface coat comprised predominately of a single antigenic molecule, the variable surface glycoprotein (VSG) . Continual changing of the VSG, a process called 4ntigenic variation, permits trypanosomes to escape destruction by their host's immune system (1) . Studies on the genetic mechanism of antigenic variation reveal that, in some cases, an expression-linked extra copy (ELC) of a silent VSG gene is inserted near a chromosomal telomere where it is transcribed (2, 3) . In other cases, the transcription of the previously expressed VSG gene stops and transcription of a VSG gene already near a telomere begins (4) . The telomerelinked VSG genes are usually flanked by 5-to 30-kilobase (kb) regions that are devoid of restriction endonuclease sites. These regions may be comprised of simple repetitive sequences or may contain modified nucleotides, or both (2, 5) .
VSGs first appear on the surface of the trypanosome during the metacyclic stage of its life cycle. Metacyclic trypanosomes occur in the salivary glands of the tsetse fly and are injected into a mammalian host during the fly's bite. Previous studies have shown that metacyclic organisms consist of 10-15 different antigenic types (6, 7) . In a given serodeme, this restricted set of metacyclic variable antigen types (MVATs) is repeatedly expressed at the metacyclic stage independent of the bloodstream variable antigen type (VAT) that is ingested by the fly.
Each tsetse fly possesses several orders of magnitude fewer metacyclic organisms than are needed to isolate enough VSG or mRNA for experimentation. However, metacyclic VSGs of T. brucei subspecies are expressed in the bloodstream of mice up to 5 days after infection begins (8, 9) . At 5 days the organisms have multiplied so that a sufficient number expressing metacyclic VSGs can be obtained for biochemical study. Between day 5 and day 7 of infection, the parasites switch from the expression of MVATs to early bloodstream VATs.
We have constructed cDNA libraries using mRNAs isolated from day 5 trypanosomes and have identified cDNA sequences for two VSGs expressed by the metacyclic population. These sequences were used to determine the primary structure of these two VSGs and to investigate the molecular basis for the expression of a restricted subset of VSG types in metacyclic trypanosomes.
MATERIALS AND METHODS
Trypanosomes. WRATats 1.1, 1.12, and 1.14 are clones of T. b. rhodesiense, stock LVH/75/USAMRU-K/18 (10) . Matacyclic trypanosomes were obtained from WRATat 1.1 organisms as described (8) . MVATs 1 through 14 correspond to WRATats 1.21 through 1.34, respectively, in standard nomenclature (11) .
Preparation of Day 5 Trypaposomes Expressing Metacyclic VSGs. Day 5 trypanosome populations were generated from either a mixed MVAT population or populations with some MVATs selectively neutralized by monoclonal antibodies (MAbs). To enrich for one MVAT serotype in a day 5 population, 0.1 ml of each of the MAbs for the MVATs to be excluded were pooled, diluted to 2.5 ml in M199 medium (M.A. Bioproducts, Walkersville, MD), added to 3 x metacyclic trypanosomes in 0.5 ml of M199 medium, and incubated for 15 min on ice. Thirty male C57 BL/6J mice (The Jackson Laboratory) were inoculated i.p. with 0.1 ml of the trypanosome-MAb mixture. A similar protocol was used to deplete a metacyclic population of one MVAT.
Trypanosomes were isolated and used for indirect immunofluorescent assay as described (8, 10 (12) .
Proc. Natl. Acad. Sci. USA 81 (1984) 6643 RESULTS Assignment of VSG cDNAs to Metacyclic Stereotypes. Two cDNA libraries were prepared from day 5 metacyclic populations and screened by a "plus/minus" strategy. Radioactive first-strand cDNAs from day 5 metacyclic (expresser) mRNA and from bloodstream clone WRATat 1.12 (nonexpresser) mRNA were used as probes. Several clones that hybridized strongly to the day 5 metacyclic cDNA but not to the bloodstream WRATat 1.12 cDNA were detected. The clones bearing larger inserts were used in RNA hybrid-selection experiments. Unfortunately, all efforts to show that mRNAs that hybridized to these cDNA inserts would direct the in vitro translation of proteins recognized by antibodies against whole metacyclic organisms (either monoclonal or polyvalent) were unsuccessful for unknown reasons. Therefore, another identification strategy was devised. Table 1 shows that 14 different MVATs arising in tsetse flies infected by T. b. rhodesiense can be defined by a panel of MAbs raised against metacyclic trypanosomes (unpublished results). Greater than 95% of the metacyclic population in the salivary gland of the tsetse fly contains only these MVATs. In Table 1 , the MVAT 7+ population was obtained by neutralizing metacyclic trypanosomes of all of the major MVATs except MVAT 7. Conversely, the MVAT 7-and MVAT 6-populations were generated by neutralizing only these serotypes. In the enrichment for MVAT 4 organisms (MVAT 4+), the MAbs against MVATs 1 and 6 only partially neutralized these organisms as shown in Table 1 .
To correlate cDNA clones with a given MVAT, RNA dot blots (14) were performed with mRNAs from the day 5 populations shown in Table 1 . Fig. 1 shows some examples of these dot blots. The left-most dot blot is a control demonstrating that a cDNA for the IaTat 1.2 VSG (16) clone hybridized to MVAT 4-enriched mRNA. The relative hybridization intensities indicate that these cDNAs correspond to RNAs that encode major trypanosome proteins. The hybridzation pattern of these cDNAs to other day 5 populations also reflected the relative amounts of MVAT 7 and MVAT 4 mRNA in these populations (see Table 1 ). For example, the 3L41 and 11R45 cDNAs did not hybridize with the MVAT 7-and MVAT 4+ populations, which were devoid of MVAT 7 organisms.
The analysis of the 2L11 cDNA hybridization pattern was complicated by the relative abundance of MVAT 1 and MVAT 6 organisms in the MVAT 4+ population. It is unlikely that the 2L11 cDNA corresponds to MVAT 1 because IFA analysis showed that this serotype was not present in the enriched population used to construct the cDNA library from which the 2L11 cDNA clone was isolated (data not shown). Also the 2L11 cDNA did not encode the MVAT 6 VSG because it did not hybridize to RNA from the MVAT 7-population, which contains 69% MVAT 6 organisms. Further confirmation of the assignment of 2L11 cDNA to MVAT 4 is the finding that an Escherichia coli-expressed fusion protein containing a 2L11-encoded amino acid sequence bound a MAb specific for MVAT 4 (unpublished results).
Sequence Analysis of the MVAT cDNAs. To compare the metacyclic VSG structure and mRNA untranslated regions with those from bloodstream organisms, the sequences of the three metacyclic cDNAs were determined and used to deduce the amino acid sequence as shown in Fig. 2 . The 2L11 cDNA (henceforth called the MVAT 4 cDNA) contains a long open reading frame that encodes a COOH-terminal homology region as found in bloodstream VSGs (17) . At the 5' end of the coding strand is the 35-nucleotide leader sequence thought to occur at the 5' ends of all VSG mRNAs (19) . We tentatively have assigned the initiator methionine codon based on its location and its following sequence, which is characteristic of a signal peptide (20) .
The sequences of 3L41 and 11R45 cDNAs (henceforth called MVAT 7 cDNAs) hybridize identically in RNA dot blots but do not overlap. The 11R45 cDNA sequence encodes a COOH-terminal homology region and an 82-nucleotide 3' untranslated region similar to that found in other VSG mRNAs (2, 17) . It contains, however, an imperfect copy of the usually conserved 16-base sequence found at the 3' end of bloodstream VSG mRNAs-i.e., 2 of the 16 positions are different (2) . To prove that the 3L41 and 11R45 cDNAs arose from the same mRNA species, a 0.95-kb (Cla I/ BamHI) genomic fragment expected to span the two cDNAs was cloned and sequenced. As shown in Fig. 2 , the coding sequence of the MVAT 7 VSG consists of the 3L41 and 11R45 cDNAs plus 171 nucleotides deduced from the genomic fragment. Furthermore, sequences in the cloned genomic fragment flanking these 171 nucleotides exactly matched the cDNA sequences, suggesting that this genomic region encoded the MVAT 7 VSG (data not shown). Interestingly, the MVAT 7 VSG does not have several conserved cysteine residues usually found in other VSGs of its homology group (17) . There remains an unlikely possibility that if an ELC gene were not detected (see Discussion), the sequence provided from the genomic region could differ from the sequence of the mRNA.
Analysis of Genomic Regions Encoding the MVAT 4 and MVAT 7 Genes. The MVAT 4 and MVAT 7 cDNAs were used as probes in genomic Southern blots to determine if rearrangements of the metacyclic VSG genes were associated with their expression as for bloodstream VSG genes (2-4. 16 ). Fig. 3 shows an experiment in which genomic DNAs from WRATat 1.1, WRATat 1.14, and MVAT 4' (see Table  1 ) were digested with restriction enzymes and probed with a Pst I restriction fragment of MVAT MVAT 4 cDNA. The probe hybridized to two restriction fragments when the genomes were digested with Pvu II, HindIll, or Sal I, indicating that there is only one gene for the MVAT 4 VSG in the genome. It hybridized to a single genomic Pst I fragment because a Pst I fragment of the cDNA was used as the probe. There is no apparent difference in the sizes or number of hybridizing fragments in the three genomes. The relative intensities of some bands varied slightly from one blot to another (for example, compare the two bands in the HindIll digest of WRATat 1.14 TAACGCTATTATTAGAACAGMCTGTACTATATTiGAAGTCAAGAGCCAGCGTGGTCGCCGCGAGTATCCATACAAGGGCGTCTTAGGCAGCAAA ACC AGCA GAGG GCTTCCGCG (17) . Underlined is the conserved 16- mer in the 3' untranslated region of 2L11 cDNA; asterisks indicate base changes from the canonical sequence (2, 18). (Fig. 4A) . The Fig. 3 (A) or the 3L41 cDNA (MVAT 7) as probe (B). In A, genomic DNA isolated from WRATat 1.14 (W14) and MVAT 4+ (M4+) was digested with BAL-31 for 0. 20. 40. 80, or 120 min (lanes 0, 2. 4, 8, or 12, respectively) . At 120 min. the ratio of BAL-31 to WRATat 1.14 DNA was doubled, and the incubation was continued until 160 min (lane 16). The DNAs then were cleaved with HindIII and applied to the agarose gel. In B. WRATat 1.14 genomic DNA was digested with BAL-31 for up to 120 min and cleaved with Cla I, an enzyme that cleaves the cDNA once. Lanes marked M contain DNA size markers; sizes of fragments are given in kb.
(the 0 lanes), but the 11.7-kb fragment was rapidly degraded by BAL-31, while the 3.0-kb fragment was affected only after 160 min of digestion. This provides strong evidence that the MVAT 4 VSG gene is situated near a naturally occurring double-stranded break in the DNA, presumably a chromosomal telomere (21) . Southern analyses with the MVAT 7 cDNAs as probes also showed the presence of a single chromosomal gene for the MVAT 7 VSG, which appeared on fragments of identical size in all genomes tested (data not shown). As shown in Fig. 4B , BAL-31 digestion indicates that the MVAT 7 VSG gene is also telomere-linked. Fig. 5 shows abbreviated restriction maps that summarize the results of a large number of Southern analyses with MVAT 4 and MVAT 7 cDNA probes. Note that the regions between the two genes and the telomeres seem to be "barren" of restriction sites but that the regions upstream of the genes appear to have a normal complement of restriction sites. The dissimilarity of restriction sites upstream of each of the two genes suggests that they are located near different telomeres.
DISCUSSION
The study of genes encoding VSGs from trypanosomes at the metacyclic stage is of interest from two standpoints. First, it permits study of the coordinated expression of a restricted subset of VSG genes at a particular time in the developmental cycle of the organism. Second. the limited subset of VSG types expressed by metacyclic organisms offers the prospect of a vaccine against trypanosomiasis. This report addresses the first of these considerations and describes the isolation of cDNAs for two VSG serotypes expressed on metacyclic organisms. These cDNAs have all of the characteristics of those for VSGs expressed at the bloodstream stages-i.e., NH,-terminal amino acid sequence heterogeneity. COOH-terminal amino acid homologies and a hydrophobic "tail." potential sites of glycosylation. and conserved sequence blocks in the 5' untranslated and 3' untranslated regions of the mRNA (2-6, 16. 17) . It is likely. therefore, that all of these features are important for the expression and proper functioning of the VSG molecule at both the metacyclic and bloodstream stages. Moreover, these features appear to be conserved between the VSGs of T. h. rihodesiense described here and those of the closely related subspecies T. b. brucei which have been investigated previously (2-6, 16. 17) .
The genes for these two MVATs are located in genomic regions that are similar to regions bearing VSG genes expressed at the bloodstream stages-i.e., they are telomerelinked, and the region between the VSG coding sequence and the telomere is nearly devoid of restriction sites. Downstream "barren" regions are predominately composed of repeats of the hexamer sequence C-C-C-T-A-A (22, 23) . The number of these repeats can change and lead to differences in the sizes of telomere-linked restriction fragments containing bloodstream VSG genes from one generation to the next (22. 23 In considering the expression mechanism of these two MVAT VSGs, one possibility is that they are expressed via ELC genes that have disappeared from the genome in day 5 trypanosomes. Unfortunately this possibility cannot be completely discounted because we cannot obtain enough organisms at earlier times of infection (for example, day 3 or 4) to analyze their genomes. However, the occurrence of a metacyclic ELC gene seems unlikely. We have found the VSG mRNA turns over in less than 24 hr (16). Since some parasites still express metacyclic VSGs as late as day 7 (unpublished results), at least a fraction of the organisms should still have the ELC present on day 5 . Much longer exposures of the Southern blots than those shown in Fig. 3 did not reveal an ELC gene for either MVAT VSG investigated.
The lack of evidence for an ELC gene suggests that these two MVAT VSG genes are among those genes that can be expressed without duplicative transposition (18) . Another example of this is the bloodstream AnTat 1.6 VSG, whose antisera cross-react with 6-8% of the corresponding metacyclic population and whose telomere-linked gene can be expressed without duplication (24) . This particular gene can be lost from the genome, which may be related to the reported instability of some MVAT repertoires (25) .
How the trypanosome expresses only a reduced subset of VSG genes at the metacyclic stage remains unclear. These two telomere-linked MVAT VSG genes differ from telomere-linked bloodstream VSG genes in that (i) they are not preceded by barren regions, (ii) they are followed by barren regions that may not undergo much size variation, (iii) their 3' untranslated regions can contain mutations in a conserved 16-mer sequence usually found in functional VSG mRNAs (18) , and (iv) they are among the rare examples of telomerelinked VSG genes for which there are no other related genes in the genome (26) . It remains to be seen if any of these features are related to the developmental expression of these genes. Further characterization of these and other metacyclic VSG genes will be necessary to elucidate the mechanisms that regulate their transcription.
